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Space Weather (SWx)

» Space weather refers to
the environmental SYW
conditions in Earth’s 2\ )
magnetosphere, Z%,q',;f\
ionosphere and
thermosphere due to the
Sun and the solar wind
that can influence the
functioning and
reliability of spaceborne
and ground-based
systems and services or

endanger property or
human health. I

NSWE, ESA '
ween STCE, Konink Luchtmacht, KNMI ib
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and thermosphere due to the Sun and the solar wind that can influence the functioning and reliability

of spaceborneand groundbased systems and services or endanger property or human health.
http://www.esa.int/Our_Activities/Operations/Space_Situational_Awareness/Space_Weather_-
_SWE_Segment

National Space Weather Program (USA)
http://www.spaceweathercenter.org/swop/NSWP/1.html

Wall ofPeace

Space weather is the physical and phenomenological state of natural space
environments. The associated discipline aims, through observation, monitoring, analysis
and modelling, at understanding and predicting the state of the sun, the interplanetary
and planetary environments, and the solar and non-solar driven perturbations that affect
them; and also at forecasting and nowcasting the possible impacts on biological and
technological systems.
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Disturbed Space weather
Solar flares Proton events Coronal Holes
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Arrival Immediately 15 min to a few hours 20 to 72+ hours 2 to 4 days
NOAA scales | R1 (minor) => RS (extreme) S1 (minor) => S5 (extreme) G1 (minor) => G5 (extreme)
Parameter | M1=>>X20 Pfu (>10MeV): 10 => 10° Kp=5=>Kp=9

Duration Minutes to hours Hours to days Days

Protection | Earth’s atmosphere Earth’s magnetic field Earth’s magnetic field

n Radio communications Satellites Satellites
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(&) Radar interference Astronauts & Airplanes Aurora
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a: Communication/Navigation Communication/Navigation
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Ozone Electrical Currents (GIC)

Bakeret al. (2016)Resource Letter SW1: Space Weather
http://adsabs.harvard.edu/abs/2016AmJPh..84..166B
http://aapt.scitation.org/doi/pdf/10.1119/1.4938403

Brekke(2016):AGF216 lecture 2016: Space Weather
http://www.slideshare.net/UniSvalbard/agf2 t&cture-2016-spaceweather

Valtonen(2004): Spac®/eather. Effectson Spacdechnology
http://slideplayer.com/slide/3603908/
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Solar flare - EM radiation
Penetration depth in Earth’s atmosphere

Figure at https://history.nasa.gov/S#02/p40.htm
Fromthebooké !' bSg {dzyY ¢KS {2t N wSadzZ Ga FTNRY {{1eflo6¢ o

SPECTRUM OF SOLAR RADIATION. Visible sunlight is but one part of the total radiation Earth receives from the
Sun; shown here is the full span of electromagnetic radiation from our nearest star. Electromagnetic radiation
such as sunlight travels in waves, the wavelengths of which serve as descriptions, or identifiers, of the different
forms of radiation. Our eyes see only a narrow band of waveleragthsvisible spectrum” of rainbow colors from
about 4000 to 7000 A, violet to red. We see it on the chart as a rainbow of colors. To the left of the visible
spectrum is the infrared, covering a wider band of wavelengths, reaching from the red of the visible to
wavelengths of about 1 mm. The Sun emits light, or radiation, throughout this region. Although we cannot see it,
we can feel infrared waves as heat on our skin. To the left of the infrared stretches the vast spectrum of radio
wavelengths, where the Sun also emits energy thd} [s detectable by solar radio telescopes that "hear" it on

radio receivers as a form of cosmic static. To the right of the visible spectrum stretch the shorter and more
energetic wavelengths of ultraviolet radiationrays, gamma rays and cosmic rays. All are invisible to our eye.
These shorter, invisible wavelengths arise in the upper, more active layers of the Sun, and are thus especially
valuable for the study of the active Sun. Special telescopes and sensors are required to measure the radiation at
these wavelengths.

The atmosphere of Earth is transparent to visible sunlight; almost all the sunlight in the visible spectrum passes
through the air to reach the surface of the ground. Gases in the terrestrial atmosphere, such as oxygen, ozone, or
water vapor, absorb most of the infrared, ultravioletray, and shorter wavelengths of solar radiation before it
reaches us. On the chart Earth's atmosphere is shown in verticalseotien, with a scale of height above sea

level at left. The depth to which each region of the solar spectrum penetrates is shown as a dotted line. In the
radio region, like the visible, penetration is almost complete, and these regions are called "windoasg." X

radiation is totally absorbed far above Earth, at an altitude of about 100 km. Skylab, and other spacecraft and
rockets, were at altitudes high enough to feel and observe the full range of electromagnetic radiation from the
Suna feat impossible for solar astronomers on the ground.

Skylab carried special telescopes to observe the Sun in the region from about 2 to 7000 A wavelengt), in X
ultraviolet, and visible regions of the spectrum. Its region of observation is shown in the expanded spectrum at
the top, with spectral lines of special interest as dark, vertical lines.
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Space Weather effects (SWx effects)

* Introduction

* SWx effects from
— Solar flares
— Proton events
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— Coronal holes

* Historical solar storms
e SC24 solar storms

Solar flares
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Effects from solar flares

Solar flare

Sudden increase in EUV & X-ray radiation Radio disturbance
Sudden [ e ] increase in D-region Direct effect on affected frequencies
| -
Sudden lonospheric Disturbance (SID) GPS disturbance
Radar disturbance
vy

A electrical currents MF-HF (300kHz-30MHz) \

\ Radio Blackout

A magnetic field (‘Shortwave fadeout’ (SWF))
‘ Magnetic crochet’ VLF (3-30 kHz)
(‘Solar flare effect’) Used for solar flare detection (SIDs)
NMI / i >

Averycomprehensivealiscussion on thenmediateeffectsfrom solarflaresis at
NGDCSudderionospheridisturbance
https://www.ngdc.noaa.gov/stp/spacaveather/ionospheriedata/sids/documentation/readme_sudden
ionospheriedisturbances.pdf
https://www.ngdc.noaa.gov/stp/spacveather/ionospheriedata/sids/documentation/

Sudden lonospheric Disturbance (after Wikipedia, 2@14)sudden ionospheric disturbance (SID) is an

abnormally high ionization/plasma density in the D region of the ionosphere caused by a solar flare. The SID
results in a sudden increase in radi@ve absorption that is most severe in the upper medium frequency (MF)

and lower high frequency (HF) ranges, and as a result often interrupts or interferes with telecommunications
systems. The Dellinger effect, dibgekDellinger effect, is another name for a sudden ionospheric disturbance.
The effect was discovered by John Howard Dellinger around 1935 and also described by the German physicist
HansMdgelin 1930. The fadeouts are characterized by sudden onset and a recovery that takes minutes or hours.
When a solar flare occurs on the Sun a blast of intense ultraviolet-asg radiation hits the dayside of the Earth

after a propagation time of about 8 minutes. This high energy radiation is absorbed by atmospheric particles,
raising them to excited states and knocking electrons free in the process of photoionization. Tlé&tlobe

ionospheric layers (D region and E region) immediately increase in density over the entire dayside. The
ionospheric disturbance enhances VLF radio propagation. Scientists on the ground can use this enhancement to
detect solar flares; by monitoring the signal strength of a distant VLF transmitter, sudden ionospheric disturbances
(SIDs) are recorded and indicate when solar flares have taken place.

Short wave radio waves (in the HF range) are absorbed by the increased particles in the low altitude ionosphere
causing a complete blackout of radio communications. This is called awsaeetfading. These fadeouts last for a

few minutes to a few hours and are most severe in the equatorial regions where the Sun is most directly
overhead. The ionospheric disturbance enhances long wave (VLF) radio propagation. SIDs are observed and
recorded by monitoring the signal strength of a distant VLF transmitter. SIDs are classified in a number of ways
including;ShortWave-adeouts (SWF), Sudden Cosmic Noise Absorption (SCNA), Sudden Enhancement of
Atmospherics (SEA/SDA), Sudden Phase Anomalies (SFA), Sudden Enhancements of Signal (SES), Sudden Field
Anomalies (SFA) and Sudden Frequency Deviations (SFD).
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Effects from solar flares

Scale | Description | Effect Ela l’\veraoeiireqnenc‘y
measure (1 cycle = 11 years)
Extreme HF Radio: Complete HF (high frequency) radio blackout on the entire sunlit side of the Earth lasting for a X20 Less than 1 per cycle
number of hours. This results in no HF radio contact with mariners and en route aviators in this sector. (2x103)
Navigation: Low-frequency navigation signals used by maritime and general aviation systems experience
outages on the sunlit side of the Earth for many hours, causing loss in positioning. Increased satellite
navigation errors in positioning for several hours on the sunlit side of Earth, which may spread into the night
side.
Severe HF Radio: HF radio communication blackout on most of the sunlit side of Earth for one to two hours. HF radio | X10 8 per cycle .

contact lost during this time. (103) (8 days per cyde)
Navigation: Outages of low-frequency navigation signals cause increased error in positioning for one to two
hours. Minor disruptions of satellite navigation possible on the suniit side of Earth.

R3 Strong HF Radio: Wide area blackout of HF radio communication, loss of radio contact for about an hour on sunlit X1 175 per cycle
side of Earth. (10%) (140 days per cycle)
Navigation: Low-frequency navigation signals degraded for about an hour.

R2 Moderate HF Radio: Limited blackout of HF radio communication on sunlit side, loss of radio contact for tens of M5 350 per cyde
minutes. (5x10°5) | (300 days per cycle)
Navigation: Degradation of low-frequency navigation signals for tens of minutes.

R1 Minor HF Radio: Weak or minor degradation of HF radio communication on sunlit side, occasional loss of radio M1 2000 per cycle
contact. (10°%) (950 days per cycle)
Navigation: Low-frequency navigation signals degraded for brief intervals.

Info at:

http://www.swpc.noaa.gov/noasscalesexplanation

SWPC: http://www.swpc.noaa.gov/phenomena/sefaresradio-blackouts
SWS: http://www.sws.bom.gov.au/Educational/1/3/5

Zhang et al. (2011)mpact factor for the ionospheric total electron content response to solar flare
irradiation

http://onlinelibrary.wiley.com/doi/10.1029/2010JA016089/full

As one of the fastest and severest solar events, the solar flare, which is mainly classified according to
the peak flux of soft Xays in the 0.£0.8 nm region measured on the GOEBXdetector, has a great
influence on the earth upper atmosphere and ionosphere. During a flare, the extreme ultraviolet (EUV)
and Xrays emitted from the solar active region ionize the atmospheric neutral compositions in the
altitudes of ionosphere to make the extra ionospheric ionization that causes many kinds of sudden
ionospheric disturbance phenomenon (SID), which are generally recorded as sudden phase anomaly
(SPA), sudden cosmic noise absorption (SCNA), sudden frequency deviation (SFD), shortwave fadeout
(SWF), solar flare effect (SFE) or geomagnetic crochet, and sudden increase of total electron content
(SITECPonnelly 1969;Mitra, 1974].
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Effects from solar flares

STAFF viewer, http://www.staff.oma.be

* Solar flare effect (SFE)
— « Magnetic crochet »

— Immediate change in
magnetic field strength due
to a strong & fast solar flare
(dayside)

¢ Sudden ionization ionosphere
¢ 14 nT @ mid-latitudes

Dourbes (DOU) based on 1-minute definitive dota

— Thresholds v = |
* H-alpha: 2B (30%)
e X-ray: X1 (50%)
— Quite rare

TABLE |

Chambon 1o Foret (CLF) bosed on 1-minute definitive dota

Niemegk (NGK) based on 1~minute definitive dota

Curto et al. (2009)Geoeffectivenessf solar flares in magnetic crochetfé) production: t

Dependence on their spectral nature and position on the solar-disk
http://adsabs.harvard.edu/abs/2009JASTP..71.1695C

Radiations have a prompt effect on Earth by ionizing the upper layers of the atmosphere(Svestka,1976;
Vermaetal.,1987). Solar flare effectdd also called magnetic crochets) are events directly related to

an enhancement in the solar radiation that produces an increase in the electric conductivity and
currents in the ionosphere, and finally a magnetic signature at ground level (Curto et al)1994b

From the point of view of the radiations, the percentage edlpha flares producing
sfeevents is 30%, so approximately only one out of three of the significant Ha flares
registered over the period 19¢3989 produced an observable geomagnetic effect.
52% out of them were at the same time associated to a strerayXmission. For the
case of the Xay flares the percentage is: 50%. That is, half of the significeayt X
flares produce &fe. Therefore, Xlares are more efficient than Ha flares in producing
sfeevents.

Curto et al. (2009)Geoeffectivenessf solar flares in magnetic crocheifé) production: It
Dependence on the detection method
http://adsabs.harvard.edu/abs/2009JASTP..71.1705C
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Effects from solar flares

* Solar flare effect (SFE)
— « Magnetic crochet »

— Immediate change in
magnetic field strength due
to a strong & fast solar flare
(dayside)

¢ Sudden ionization ionosphere
¢ 14 nT @ mid-latitudes

Dourbes (DOU) based on 1-minute definitive dota

— Thresholds v = |
* H-alpha: 2B (30%)
e X-ray: X1 (50%)
— Quite rare

TABLE |

Chambon 1o Foret (CLF) bosed on 1-minute definitive dota

amplitude (nT) Niemegk (NGK) based on 1~minute definitive dota

Curtoet al. (2016)Sfe waiting for the big one
http://www.swsc-journal.org/articles/swsc/pdf/2016/01/swsc150071.pdf

Solar flare effectsSfe are rapid magnetic variations which are related to the enhancement of the
amount of radiation produced during Solar flare events (Curto et al. 1994ay. ahd EUV emissions
are the main electromagnetic radiation which cause variations on the electronic density in the
ionospheric layers. From the F to the D regions, there are electron density enhancements during solar
flares and on Earth the magnetic signature of a flare is visible in the illuminated hemisphere.
Interest in the occurrence and frequency of solar flares has increased in the field of Space Weather
because of the perturbations they produce on these variaQld® electron density in the ionosphere
2N GKS SFENIKQa YIF3aySGiAO FAStItRd . 20K 2F (KSaS
systems such as the GPS positioning/guidance system, HF communicattetise communications,

etc. (Lanzerottil979, 1983)The impact of severe Space Weather events on domestic and
international networks can lead to huge economic costs (Ca204:3; Schulte in den Baumen et al.
2014).

More info at theAustralianSWS: http://www.sws.bom.gov.au/Educational/3/1/1

Tabletakenfrom Cliver at al. (2004)fhe 1859 Solaferrestrial Disturbance And the Current Limits of
Extreme Space Weather Activity
http://adsabs.harvard.edu/abs/2004SoPh..224..407C

A goodexamplefrom this solarcycle (SC24yasthe 5November2013event(X3flare in NOAA 1890 at
22:12UT).

Seelntermagnetat http://www.intermagnet.org/datadonnee/dataploteng.php for plotsRPamataj
Honolulu) for plots of H.

Live and listinge.g at http://www.obsebre.url.edu/en/rapid
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Effects from solar flares

GOES X~-ray Flux {1 minute dato)

* Radio blackouts 1
— Sunlit side i R
— M1 flares or higher

* D-region

* Short-term effects
— Affected technology

* HF radio

* LF navigation

» Satellite navigation
— Various users

* Naval and aviation

* Military

* Broadcasting

Kumar et al. (2014Bpace weather effects on the low latituder&ion ionosphere during solar

minimum

http://adsabs.harvard.edu/abs/2014EP%26S...66...76K

The solar flares and geomagnetic storms are the phenomena associated with the space weather. The
solar flares, particularly with-iy having wavelengths typically of tenths of a nanometer, penetrate

the Dregion of the ionosphere and increase the electron density via extra ionizationMigrg.1974).

The increase in the-Begion electron density can produce significant perturbations in the received

phase and amplitude of VLF signals propagating in the Earth ionosphere waveguide (EIWG). The normal
unperturbed daytime Bregion from which VLF signals are usually reflected is maintained mainly by
directLymash NI RAF GA2Y OomMHM®Pc yYO FTNBY GKS &adzy GKI G LI
nitric oxide (at a height around 70 km). Under normal conditions, the sefay Hux is too small to be

a significant source for ionizing therBgion; however, when a solar flare occurs, thea flux from

the sun increases dramatically. Theay flux with wavelengths appreciably below 1 nm penetrates

down to the Dregion and markedly increases the ionization rate of the neutral constituents

particularly nitrogen and oxygen hence increases thedon electron density.

More info at:
SWPC: http://www.swpc.noaa.gov/phenomena/seflaresradio-blackouts
SWS: http://www.sws.bom.gov.au/Educational/1/3/5

Realtimecharts onaffectedareas at http://www.swpc.noaa.gov/products/tegionabsorption
predictionsd-rap

Exampldrom STCE: http://www.stce.be/news/299/welcome.html
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Effects from solar flares

* Radio blackouts
— Main users HF (Wiki): ; -
* Military and governmental %
communication systems : 8.
* Aviation air-to-ground : Gl VR =
communications
* Amateur radio

* Shortwave international
and regional broadcasting

* Maritime sea-to-shore
services

25 October

* Over-the-horizon radar £ 300 o orctaner
systems 2 i:;i.ﬂéi".:;i.;@o
* Global Maritime Distress 8 N / " .
and Safety System (GMDSS) E 450 'Ti_'wz‘-:&. ﬁ . Lr'}“g‘a ; '.--i = ;
communication 0 13“1-“\{ ﬂuﬁmﬁﬁﬁ;i
24 48 72 9%

hours UTC

Info at:
SWPC: http://www.swpc.noaa.gov/phenomena/seflaresradio-blackouts
SWS: http://www.sws.bom.gov.au/Educational/1/3/5

Realtimecharts onaffectedareas at http://www.swpc.noaa.gov/products/gegionabsorption
predictionsd-rap

List ofusersfrom Wiki: https://en.wikipedia.org/wiki/High_frequency
Chartwith meteor countsfrom the Dutch radiometeor section.

Chartwith radio disturbancefrom STCE: http://www.stce.be/news/222/welcome.html
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Effects from solar flares

1GS Network Dual Frequency Code Observations, 6 December 2006

GPS disturbance
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Figure 6. Receivers in the Global GPS Network that were analyzed during the solar radio burst
Figure 2. Response of a GPS receiver to the solar radio Green indicates the normal number of satellites being tracked (fourth panel) During the burst
burst on 6 December 2006. The red line corresponds to (power at 1.6 GHz), several sunlit receivers tracked fewer than the four satellites needed for a full
C/N, on 6 December 2006, and the bine lne corre- positioning solution (marked in red). (Image of Earth from the The Living Earth, 1996 and is used
sponds to the previous sidereal day. here by permission of the publisher. Day/night overlay created using Earth Viewer by J. Walker.)

=

Cerrutiat al. (2008)Effect of intense December 2006 solar radio bursts on GPS receivers
http://adsabs.harvard.edu/abs/2008SpWea...610D07C

Solar radio bursts during December 2006 were sufficiently intense to be measurable with GPS
receivers. The strongest event occurred on 6 December 2006 and affected the operation of many GPS
receivers. This event exceeded 1,000,000 solar flux unit and was about 10 times larger than any
previously reported event. The strength of the event was especially surprising since the solar radio
bursts occurred near sola r minimum. The strongest periods of solar radio burst activity lasted a few
minutes to a few tens of minutes and, in some cases, exhibited large intensity differences between L1
(1575.42 MHz)

and L2 (1227.60 MHz). Civilian dual frequency GPS receivers were the most severely affected, and
these events suggest that continuous, precise positioning services should account for solar radio bursts
in their operational plans. This investigation raises the possibility of even more intense solar radio
bursts

during the next solar maximum that will significantly impact the operation of GPS receivers.

Figuregakenfrom the Cerrutipaper
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Effects from solar flares

HUMAIN 2015/11/04
3 T

* Radar disturbance £

— 4 November 2015 § 13

* M3 flare paralyzes
Swedish air traffic

— Seems to require a set
of special conditions

Frequency [MHz]

13:30 14:00 14:30 15:00 15:30
Time [UT]

234 6810 20 40 60 100 200 300 GHz 600 THz

1.5mm Imm

On 4 November, NOAA 2443 produced an M3.7 flare peaking at 13:39UT. This at first sight very normal flare was
associated with strong radio and ionospheric disturbances that also affected radar and GPS frequencies. As a
result, Swedish air traffic was halted for about an hour during the afternoon. The air traffic problems started at the
most intense phase of the radio storm, and followed right on the heels of a minor geomagnetic storm caused by
the high speed stream of a coronal hole. The CME associated with the M3 flare would cause a migeréde (
geomagnetic storm during the first half of 7 November.

SeealsoSTCE news item at http://www.stce.be/news/326/welcome.html
and http://www.cbc.ca/news/technology/solastorm-sweden1.3304271
and https://phys.org/news/2015L1-swedensolarflare-flight.html

Duringthe ESWW14t wascommunicatedhat signal§rom someGPS satellitewere affected(degradatior), but
that there wasalwaysa sufficientnumberof satellitesavailableto assure groperlyoperating GPS service.

A full discussion dhis event

Opgenoorthet al. (2016)Solar activity during the space weather incident of Nov 4., 2@d&mplex data and

lessons learned

adsabs.harvard.edu/abs/2016EGUGA..18120170

During the afternoon of November 4, 2015 most southern Swedish aviation radar systems experienced heavy
disturbances, which eventually forced an outing of the majority of the radars. In consequence the entire southern
Swedish aerospace had to be closed for incoming and leaving air traffic for about 2 hours. Immediately after the
incident space weather anomalies were made responsible for the radar disturbances, but it took a very thorough
investigation to differentiate disturbances from an ongoing magnetic storm caused by earlier solar activity, which
had no disturbing effects on the flight radars, from a new and, indeed, extreme-badb on the Sun, which

caused the Swedish radar anomalies.

| 2 Yy én@dxtpage
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Effects from solar flares

HUMAIN 2015/11/04
3 T

e Radar disturbance fw
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* M3 flare paralyzes =2
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Other systems in various European countries also experienced majordatlimbances during this extreme

event, but they were not of the gravity as experienced in Sweden, or at least not causing a similar damage. One of
the problems in reaching the right conclusions about the incident was that the extremelvadibaround 1400

UT on Nov 4 (more than 50000 SFU at GHz frequencies), emerged from a medium size M3.7 Flare on the Sun,
which did not trigger any immediate warnings. We will report about the analysis leading to the improved
understanding of this extreme space weather event, evaluate the importance of solar radio observations, and
discuss possible mitigation strategies for future events of similar nature.

Radar figureakenfrom http://www.radartutorial.eu/07.waves/Waves%20and%20Frequency%20Ranges.en.html

Unofficialcommunications (On Blovember2015)

The radar was probably disturbed by reflections from ionospheric irregularities in the E region arising from strong
electric fields causing plasma instabilities (FaBeyemar). The irregularities are fieldligned and located in the
auroralzone. Then (Bragype) reflection is possible for radio waves originating from south, i.e. southern Sweden
to northern Germany. The waves are reflected back to south, where they disturb reception of the normal signals
from e.g. airplane transponder§he phenomenon is known since the- s as "radio aurora” among radio

amateurs and did also affect sometimes the analogue TV reception. Mainly VHF is known to be affexted.
SPIDER rocket to be launched beginning of 2016 from ESRANGVisstagating this particulaauroral

phenomenon.

X

There was an incident very much likes this about ten years ago, at a much more important airport: Frankfurt. They
halted all air traffic taking off for half an hour, because the solar emission produced 'ghost signals' in their radars
and there suddenly seemed to be airplanes everywhere. This incident was, as far as | know, never officially
reported, butEurocontroknows about it (which is where | got it from).

More on radioauroraat https://www.ursa.fi/ursa/jaostot/revontulet/radio/enradio.html
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Space Weather effects (SWx effects)

* Introduction
e SWx effects from Proton events

— Solar flares

— Proton events
— ICMEs

— Coronal holes

* Historical solar storms
* SC24 solar storms
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Effects from proton storms

[ Increased number of high-energetic (10, 50, 100+ MeV) protons ]

|
Particle radiation

Satellites

- ~\ Astronauts Star trackers

Polar Cap Absorption (PCA) (EVA, dose) Single Event Effects
- J ' (SEEs)

Solar arrays
s A
Detour of polar flights

(or lowering plane altitude)

\ J
[ Ground Level Enhancement (GLE) ] o

EVA: Extrd/ehicularActivity
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Physical
measure
2 (Flux level | Average Frequen
Scalsl[Descrivtion. |- Fffact o0 ||((oye = T veors)
Mev
particles)
Extreme Biological: Unavoidable high radiation hazard to astronauts on EVA (extra-vehicular activity); passengers 10% Fewer than 1 per cycle
and crew in high-flying aircraft at high latitudes may be exposed to radiation risk.
Satellite operations: Satellites may be rendered useless, memory impacts can cause loss of control, may
cause serious noise in image data, star-trackers may be unable to locate sources; permanent damage to
solar panels possible.
Other systems: Complete blackout of HF (high frequency) communications possible through the polar
regions, and position errors make navigation operations extremely difficult.
Severe Biological: Unavoidable radiation hazard to astronauts on EVA; passengers and crew in high-flying aircraft 104 3 per cyde
at high latitudes may be exposed to radiation risk.
Satellite operations: May experience memory device problems and noise on imaging systems; star-tracker
may cause P , and solar panel efficiency can be degraded.
Other systems: Blackout of HF radio communications through the polar regions and increased navigation
errors over several days are likely.
Strong Biological: Radiation hazard avoidance r for on EVA; and crew in 103 10 per cycle
high-flying aircraft at high latitudes may be exposed to radiation risk.
Satellite operations: Single-event upsets, noise in imaging systems, and slight reduction of efficiency in
solar panel are likely.
Okmer D HF radio through the polar regions and navigation position errors
likely.
s2 Moderate Biological: Passengers and crew in high-flying aircraft at high latitudes may be exposed to elevated 102 25 per cyde
radiation risk.
Satellite i Infrequent singl t upsets possible.
Other systems: Small effects on HF propagation through the polar regions and navigation at polar cap
locations possibly affected.
S1 Minor Biological: None. 10 50 per cycle
Satellite operations: None.
Other systems: Minor impacts on HF radio in the polar regions.
e

More info at
SWPC: http://www.swpc.noaa.gov/noagzalesexplanation
SWPC: http://www.swpc.noaa.gov/phenomena/setadiation-storm
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Effects from proton storms

* Satellites

— Star trackers
* Spacecraft orientation
* Photonics noise
— Proton « impacts »
» True stars?
— Misorientation
» Solar panels
* No energy
» Loss sun-lock
— Data loss
» Gravity Probe-B

Bakeret al. (2016)Resource Letter SW1: Space Weather
http://adsabs.harvard.edu/abs/2016AmJPh..84..166B
http://aapt.scitation.org/doi/pdf/10.1119/1.4938403

X {laSttAiSa Oy 0S5 2NASYGSR o6& GKS dzas 2F aiGl N aSyaz

around Earth may need to know the Sun direction for use in interpreting data freboard scientific

instruments. Star sensors are used for scientific astronomical satellites, as well as for national security and other
civil satellite purposes, such as communications. Charged particle radiation can produce false signals in the optical
sensors, thus confusing the electroricwith resulting confusion of the orientation. In regions of intense

NI RAFGA2Y S &dzOK & RdzZNAYy3 AYy(iSNBlIta 2F SyKFryOSR =ty
large solar particle events outside the magnetosphere, star and Sun sensors can be severely compromised. The
design of attitude control systems usually includes autons#fergprocedures as the principal mitigation action.

A goodexampleof a protonstorminducedorientation problemwason 1 Septembe2014with STB.

Seethe news item at http:/ivww.stce.be/news/266/welcome.html
https://sohowww.nascom.nasa.gov/pickoftheweek/old/05sep2014/

A farside powerful flare erupted and triggered a huge and Kasiing proton storm that flew past the STEREO
Behind spacecraft on Labor Day, Sept. 1, 2014. The storm was so strong that it temporarily confused the star
trackers on both STEREO spacecraft. The "snowstorm effect” that you see was causeethgrgglparticles

hitting the spacecraft's detectors in the SECCHI instrument's extreme ultraviolet and inner coronagraph
telescopes' (EUVI and COR1). The moment when the star tracker on Behind resets is evident when the spacecraft
starts rolling. The spacecraft uses SECCHI's guide telescope to keep locked on the Sun, but depends on the star
tracker to determine its roll angle. Once the star tracker came back online, the spacecraft almost immediately
moved back to its correct orientation.

GravityProbe B: https://en.wikipedia.org/wiki/Timeline_of_Gravity _Probe_B

January 2005A series of strong solar flares disrupted data taking for several days. On January 17 a very powerful
radiation storm created muklbit errors in the onboard computer memory, and saturated the telescope detectors

so thatGRB lost track of the guide star. The science team, however, is confident that the temporary loss of
science data will have no significant effect on the results. On January 20 the high level of proton flux was still
generating "single bit errors" i@BRBmemory, but the telescope is locked on the guide star again, and the
gyroscope electronics seem to perform nominally.
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Top Figurdrom Curdtet al. (2015)Solar and Galactic Cosmic Rays Observed by SOHO
http://adsabs.harvard.edu/abs/2015CEAB...39..109C (Figure 3)

Galvaret al. (2014): Satellite Anomalies
http://www.rand.org/content/dam/rand/pubs/research_reports/RR500/RR560/RAND_RR560.pdf

Single Event Effects (SEESEEare anomalies caused not by a gradual buildup of charge over time as with

surface or internal charging, but by the impact of a single-eigirgy charged particle into sensitive electronic
components of a satellite subsystem, this single event causing ionization and an anomaly. They typically occur
becauseof higf Yy SNH& 6B H aS+0 LINRG2ya IyR StSOGUNRYyad alGNR{|AYS3
systems, causing the spacecraft (or a subsystem) to halt operations, either temporarily or permanently (e.qg.,
SpeichandPoppe 2000).

{99a AyOfdzRRS daoAil Fehelgyiadicleaigart§ is tharge tomkSeiidmemorykdavide

causing errors in the system software, which may or may not damage hardware and can potentially be detected
and repaired with errodetection-and-correction algorithms (EDACS) in the system software. One example of an
EDAC is tripkenodular redundancy (TMR), in which three processors perform the same calculations in parallel and
GKSY O2YLI NB GKSANI IyagSNE® LT 2yS LINPOS&aaz2NRa | yagSN
would outvote the incorrect one, and the third processor system could be rebooted or otherwise corrected, and
the subsystem in general continues to operate.4 Other types of SEEs isgigteeventlatchups(SELS), in which

a subsystem hangs/crashes as a result of a-bigdrgy particle impact. This causes the subsystem to draw excess
current from the power supply, and the device must be turned off and then back on to be operable. Sometimes
SEL can lead to destruction of the device if the excess drawn current is too high for the power supply. In this case,
the SEE is referred to as singhent burnout (e.g., Wertz and Larson, 1999). Susceptibility to SEEs depends
strongly on system design, and the risk is higher for satellites spending time in the Van Allen radiation belts or at
GEO where there is a highftwxenceof galactic cosmic rays and highergy protons from Solar Proton Events
(e.g.,Mikaelian 2001; Wertz and Larsoh999;).

A goodoverviewof the variousSEEs in

AutranandMunteanu(2015) : Soferrors from particlesto circuits
http://s1.nonlinear.ir/epublish/book/SOFT_ERRORS_FROM_PARTICALES_TO_CIRCUITS_9781466590847.pdf (Fig.
1.1)
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Top Figurdrom Curdtet al. (2015)Solar and Galactic Cosmic Rays Observed by SOHO
http://adsabs.harvard.edu/abs/2015CEAB...39..109C (Figure 3)

From NOAAHalloween Spac@/eatherStormsof 2003
http://www.nuevatribuna.es/media/nuevatribuna/files/2016/10/28/2004 _
noaa_halloweenstorms2003_assessment.pdf

CHIPS{ The satellite computer went offline on 29 October and contact was lost with the spacecraft for 18 hours
(loss of 3axis control because its Single Board Computer (SBC) stopped executing). When contacted, the
spacecraft was tumbling, but recovery was successful. It was offline for a total of 27 hrs.

Barbieriet al.:October-b 2 3SYOSNI HnnoQa &aLI OS 6SFHGKSNIFYR 2LISNF GA2Yy2
http://onlinelibrary.wiley.com/doi/10.1029/2004SW000064/epdf

{2YSiAaYSas G(K2dzAK (GKS STFFTFSOG ¢ & dzyRSaANIo6tS yR as$s
STTFSOG sla I O02yaSlidsSy0S GKIdG YIe 68 O02yaAaRSNBR 0O
example, the Cosmic Hot Interstellar Plasma Spectrometer (CHIPS) flies-bsargleomputer (SBC) that is not

very radiation hardened and so is built to recover autonomously, which it occasionally has to do because of the
{2dzikK ' Gt yadAO y2YlLfed 0¢KS {2dzikK Gt ydAd ! y2YFfe& A
Y1848 AGa O0t2a8aid FLILINRIFOK G2 GKS LX I ySiQa &adaNKFI OSod C;
IAGSY |fGAGdzZRS GKS NIRAIFGAZ2Y AyiGaSyaAaide A& KAIKSNI 2 3SN
9FNIKQa YIF3IySGAO FASEIR i GKFdG t20rGA2ys OFdzaSR o0& (K
geographic center by 450 km. The South Atlantic Anomaly is of great significance to satellites and other spacecraft

that orbit at several hundred kilometers altitude and at orbital inclinations between 35 and 60; these orbits take

satellites through the anomaly periodically, exposing them to several minutes of strong radiation each time. The
International Space Station, orbiting with an inclination of 51.6, required extra shielding to deal with this

problem). On 29 October the CHIPS SBC experienced a problem it could not recover from autonomously because

it stopped executing. With the computer dffie the attitude control system was no longer able to maintain three

axis control, and CHIPS began tumbling. The flight operations team (FOT) responded to the anomaly by sending
commands to reset the SBC, and the mission continued.
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Top figuretakenfrom Valtonen(2004): Spac@/eather. Effectson Spacdechnology
http://slideplayer.com/slide/3603908/ (slide 33)

Bottomfiguretakenfrom Curdtet al. (2015)Solar and Galactic Cosmic Rays Observed by SOHO
http://adsabs.harvard.edu/abs/2015CEAB...39..109C (Figure 5)
Fig. 5 shows the degradation of the solar array efficiency from Dec 1995 until Feb 2013. The total loss was ~22.5%
during that time (and has reached 24% at the end of 2014). The degradation starts with a linear, continuous
decrease of 0.00368% / d (1.344% per year) from launch to Jul 2000. We attribute this decrease to the CRF (Cosmic
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associated to SEP events during the maximum of cycle 23 around 2001. Here, individual proton events start to
dominate the scene. Later follow two more episodes with continuousut less steeg decrease. Around 2002,

the degradation rate is 0.00284% / d (from a starting point of 87.2%) and only 0.00168% / d (from a starting point
of 82.1%) during the period from Feb 2007 to May 2011. There is no evidence for a significant solar cycle variation.
It seems as if a continuous decrease of the degradation rate reduces the value by almost a factor of two. ... We
speculate that in the solar arrays cells of different radiation hardness are found and that destruction of less
radiation hard cells is in progress all the time. Also, ageing effects of the-glassrcould be responsible for

efficiency loss. We tried to quantify the effects of cosmic rays and the effects of SEPs during this period. In total, of
the 22.5% power loss 8.5% can be attributed to proton events. Hereof, 5% occurred during a period of only 1.5
years. Altogether, 38%2% of the degradation during 17 years can be attributed to proton events. In other

words: the effect of a series of violent shdéerm events on the solar panels is comparable to the accumulated

effect of the CRF over this period.

Anotherniceexampleof solararraydegradationisin Hubneret al. (2012)INTEGRAL revisits Earttow perigee
effects on spacecraft components
http://arc.aiaa.org/doi/abs/10.2514/6.201:1291272

Someinterestingstatisticson solararraydegradationprovidedby Intelsat:
http://www.intelsat.com/tools-resources/library/satellitel01/spaceweather/
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Perroneet al. (2004)Polar cap absorption events of November 2001 at Terra Nova Bay, Antarctica
http://adsabs.harvard.edu/abs/2004AnGeo..22.1633P

The occurrence of SPE during minimum solar activity is very low, while in active Sun years, especially
during the falling and rising phase of the solar cyttie SPEs may average one per month. It is well
recognizedhat these solar particles have prompt and nearly complete access to the polar atmosphere
via magnetic field lines interconnected between the interplanetary medium and the terrestrial field

(van Allen et al., 1971). Consequently, they cause exaerisationin the ionosphere, particularly
concentrated in the polar cap, which, in turn, leads to an increase in the absorption of HF radio waves,
termed polar cap absorption (PCA).

Theionisationoccurs at various depths which depends on the incident particle energies, so that the
ionisationin the Dregion during PCA events is due mainly to protons with energy in the range of 1 to
100MeV that corresponds to an altitude between¢80 km Rantaet al., 1993; Sellers et al., 1977;

Collis and Rietveld, 1990; Reid, 1974). Particles with even greater energies (>500 MeV) are recorded on
the ground by a cosmiay detector; these events are called Ground Level Enhancement (GLE) (Davies,
1990).

The major PCA events are associated with solar flares located on the side of the solar central meridian
towards which the Sun rotates, that is, on the west side. It has also been found that the delay between
flare outbreak and the start of a PCA depends mainly upon the heliographic latiRadéaét al.,

1993). The boundary of the PCA region is typically between 60 and 65 geomagnetic latitude, while the
durations of PCAs vary from a few hours to many days (Collis and Rietveld, 1990). A characteristic
feature of PCA events is the large difference between day and night absorption intensities for constant
precipitating fluxes of solar particles. A daynight ratio in absorption intensities of around8&is

often observedduring PCA events (Stauning, 1996; Hargreaves et al., Ra@%&et al., 1995pPietrella

et al., 2002). The most plausible explanation is a drastic increase in the effective recombination

rate after sundown, i.e. when negative ions can exist and positive ions are mostly in the form of
clusters which have much larger recombination rates than molecular ions usually found at higher
altitudes, and during the day lowering the density of free electrons which cause ionospheric
absorption.
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Speculationghat the particles causing PCA were protons of solar origin were suggested before they could be
verified by in situ experiments (Reid and Collins, 1959). Modern instruments carried on geostationary satellites
are now able to provide continuous measurements of solar particles fluxes and

their energy spectra. Routine monitoring of ionospheric absorption is possible sindertetric technique was
introduced (Little and_einbach 1959). This instrument measures the amount of cosmic noise absorbed by the
ionosphere at operating frequencies in the rangg20MHz.

More info at:

Hargreaves (20055 new method of studying the relation between ionization rates and radige absorption in
polar-cap absorption events

http://adsabs.harvard.edu/abs/2005AnGeo..23..359H

Polarcap absorption events (PCA), several good examples of which have occurred during the recent solar
maximum, are a direct consequence of energetic protons emitted from an active region of the Sun. On
penetrating into the terrestrial atmosphere they enhance the ionization of the mesosphere, which in turn
increases the absorption of radio waves in the HF and VHF bands (Bailey, 1959). The incidence and intensity of the
event may conveniently be monitored in terms of the radio absorption, usiignzeter (Relative lonospheric
Opacity Meter Little andLeinbach1959). The proton fluxes are also routinely monitored above the atmosphere
using satelliteborne detectors. An important characteristic of solar proton events is their relative uniformity over
the polar regions down to a cwuff latitude at or near 60 geomagnetic latitude (Reid, 1974). The enhancement of
electron density may in principle be measured as a function of height by incohsratier radar.

Rose et al. (1962): The Polar Cap Absorfibect
http://adsabs.harvard.edu/abs/1962SSRv....1..115R

A description ofinotherPCAsin Liu et al. (2001Responses of the polar ionosphere to the Bastille Day solar
event

http://adsabs.harvard.edu/abs/2001SoPh..204..305L

A description oinotherPCAisin Bieber et al. (2005):argest GLE in Half a Century: Neutron Monitor
Observations of the January 20, 2005 Event

http://neutronm.bartol.udel.edu/reprints/2005bieber.pdf
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Description of aiometer at Wiki: https://en.wikipedia.org/wiki/Riometer

Ariometer (commonlyrelative ionosphericopacity meter, although originallyRelative lonosphericOpacity Meter for Extra-
TerrestrialEmissions oRadio noise) is an instrument used to quantify the amount of electromagivetice ionospheric

absorption in the atmosphere. As the name impliesioaneter measures the "opacity” of the ionosphere to radio noise
emanating from cosmic origin. In the absence of any ionospheric absorption, this radio noise, averaged over a sufingently lo
period of time, forms auietday curvelncreased ionization in the ionosphere will cause absorption of radio signals (both
terrestrial and extraterrestrial), and a departure from the quilety curve. The difference between the quiy curve and the
riometer signal is an indicator of the amount of absorption, and is measured in dedRielnetersare generally passive radio
antenna operating in the VHF radio frequency range {4@MHz). Electromagnetic radiation of that frequency is typically
Galactic synchrotron radiation and is absorbed in the Earth's D region of the ionosphere.

**PCA Eventhresholds***

- FromSWPC PCAF: ftp://ftp.swpc.noaa.gov/pub/forecastssRSGA/README

PCAF: A 24our forecast of a polar cap absorption (PCA) event. PCA forecasts are color coded: PCAF Green: No active sunspot
region on the Sun is likely to produce a PCA event in the 24 hours. PCAF Yellow: A sunspot region showing characteristics
favorable for producing a PCA event is present on the Sun. If an energetic flare occurs in this region, the probability of a
significant PCA event is very high. PCAF Red: An energetic solar event has occurred or a proton event has been observed at
satellite altitudes, and there is a high probability that a significant PCA event will result within the next 24 howgrdasPA
significant PCA event is in progress at forecast time.

- FromSWP@lossary http://www.swpc.noaa.gov/content/spaceveather-glossary#polarcapabs

polar cap absorption (PCA): An anomalous condition of the polar ionosphere where HF ane3UBIM{3zyadiowavesare

absorbed, and LF and VLF3(® kHzyadiowavesare reflected at lower altitudes than normal. PCAs generally originate with

major solar flares, beginning within a few hours of the event and maximizing within a day or two of onset. As measured by a
riometer, the PCA event threshold is 2 dB of absorption at 30MHz for daytime and 0.5 dB at night. In practice, the abisorption
inferred from the proton flux at energies greater than 10 MeV, so that PCAs and proton events are simultaneous. However, the
transpolar radio paths may be disturbed for days, up to weeks, following the end of a proton event.

- FromSWS: http://www.sws.bom.gov.au/HF_Systems/6/3

The icon below indicates the estimated absorptiordinof a 30 MHziometer from Casey station in Antarctica. These figures

give an indication of the severity of the PCA. The backgraotalrof the icon is red when absorption exceeds 1db and green
otherwise.

Realtimeview of HFis at D-RAP: http://www.swpc.noaa.gov/products/eegionabsorptionpredictionsd-rap
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Polar Cap Absorption (PCA)
— The disappearance of the HMS Acheron (1956)
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Fromthe « AmsterdamEveningRecorders (24Februaryl956)
Via https://en.wikipedia.org/wiki’lHMS_Acheron_(P411)#cite_nbte
And via http://www.solarstorms.org/SRefStorms.html

MissingBritishSubFearedLost Safe SearchCalledOff

Acheron Sighted in Ga&wept Arctic Sea by Minesweeper; Failure of Communications System Made
Contact With Admiralty Impossible; Was Unreported

Since Wednesday When It Made Trial Dive

LONDONUPY The Admiralty today called off a search for the British submarine Acheron, sighted safe
in galesweptseas after being feared lost for nearly six hours. The British minesweeper Coquette
radioed three hours after the Admiralty reported the Achemrerduethat she had made "visual

contact" with the sub. The Coquette also reported the Acheron, carrying 65 men, said her
communications system was out of order. The Acheron then proceeded to Iceland. The search started
after the Acheron failed to make her routine radio report this morning. Six hours later the Admiralty
said: "The Acheron has now succeeded in passing her routine check signal and as a result the search for
KSNJ KIda 0SSy O hHoyl Bcfdrof R esisteltsKigbof tieXAffray owhich sank in the English
Channel in April 1951 with 75 dead. Dived 2 Days Ago The Acheron dived two days ago during arctic
trials in the Denmark Strait between Iceland and Greenland and should have reported by radio at
10:05 a.m. (5:05 a.m. EST) today. This message never came.

| 2 Y énQdxtpage
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Polar Cap Absorption (PCA)
— The disappearance of the HMS Acheron (1956)

= Amsterdam Zhening Recorder =
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TheAdmiralty saidt waspossible unusual sunspot activity over the past two days might have blacked

it out. Gigantic explosions on the sun have bombarded the earth with cosmic rays, interfering with
communications. In Copenhagen, the Danish government's telegraph authority said no radio messages
had beerreceived fromGreenland stations since yesterday "morning. "Frankly," a spokesman for the
authority said, "we cannot see how a vessel could get sigmadsgh whilewe cannot receive a word

FNRY LRGgSNFdzAZ fFyR aidlGA2yada Imiss"signalalegptinglay @ (G KS !
ships, planes andescue servicas military' and civiliam to stand by for possible help. An hour later a
"sub-sunk" order was flashadsignaling an immediate search with all available ships and planes. Royal

Air Force planes roared off for Reykjavik, Iceland, to set up a base for search operations. U.S. Air Force
units onlceland alreadyvere standing by. Ships steamed out from Scotland and Iceland.

Somefigures on theassociatedsroundLevelEvent (GLE}in Bieber et al. (2005):argest GLE in Half a

Century: Neutron Monitor Observations of the January 20, 2005 Event
http://neutronm.bartol.udel.edu/reprints/2005bieber.pdf

The Sun occasionally emits cosmic rays of sufficient energy and intensity to increase radiation levels on
0KS &dzNFIFOS 2F 9FNIK® CNRBY GKS GAYS aeaidSYFriao 2
ddzOK a3INRdzyR f S@St SyKIyOSYSyida¢ oD[9auv KI @S 200
largest GLE on record is the famous 1956 event [1] during which radiation levels near sea level

increased by as much as 47 times in some regions.
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Figuretakenfrom http://wwwgro.sr.unh.edu/neutron_monitors/shower.gif

Perroneet al. (2004)Polar cap absorption events of November 2001 at Terra Nova Bay, Antarctica
http://adsabs.harvard.edu/abs/2004AnGeo..22.1633P

The occurrence of SPE during minimum solar activity is very low, while in active Sun years, especially during the
falling and rising phase of the solar cycle,

the SPEs may average one per month. It is etignisedhat these solar particles have prompt and nearly
complete access to the polar atmosphere via magnetic field lines interconnected between the interplanetary
medium and the terrestrial field (van Allen et al., 1971). Consequently, they cause iexisagonin the

ionosphere, particularly concentrated in the polar cap, which, in turn, leads to an increase in the absorption of HF
radio waves, termed polar cap absorption (PCA).

Theionisationoccurs at various depths which depends on the incident particle energies, so thantkationin

the Dregion during PCA events is due mainly to protons with energy in the range of 1 to 100MeV that
corresponds to an altitude between 880 km Rantaet al., 1993; Sellers et al., 1977; Collis and Rietveld, 1990;
Reid, 1974). Particles with even greater energies (>500 MeV) are recorded on the ground by aapsmic

detector; these events are called Ground Level Enhancement (GLE) (Davies, 1990).

Thakuret al. (2014)Ground Level Enhancement in the 2014 January 6 Solar Energetic Particle Event
http://adsabs.harvard.edu/abs/2014ApJ...790L..13T

Solar energetic particle (SEP) events, where particles accelerated to GeV energies are subsequently detected on
the ground as a result of the ashower process, are known as ground level enhancements (GLEs). With a typical
detection rate of a dozen GLESs per cycle, an average of 16.3% SEP events were GLEs a28y€liactét al.
1982;Cliver2006;Shea& Smart 2008Mewaldtet al. 2012; Nitta et al. 201Zopalswamyt al. 2012a). In cycle

24, this fraction is much smaller (6.4%) with 2 GLEs out of 31 large SEP @epais\Wamt al. 2014). This is

also much smaller than the ratio of 18% obtained when the first five years of cycle 23 are considered. GLEs are
typically associated with intense flares (median sefa)intensityDX3.8) and fast coronal mass ejections (CMEs;
average CME sped@H nnn 1 Y Gaphlswamgi &b 30123
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*** Eyentthresholds***
- SWP@lossary http://www.swpc.noaa.gov/content/spaceveatherglossary#groundlevelevent
groundlevel event (GLE) A sharp increase in grdenedl cosmic ray count to at least 10% above
background, associated with solar protons of energies greater than 500 MeV. GLEs are relatively rare,
occurring only a few times each solar cycle. When they occur, GLEs begin a few minutes after flare
maximum and last for a few tens of minutes to hours. Intense particle fluxes at lower energies can be
expected to follow this initial burst of relativistic particles. GLEs are detected by neutron monitors, e.g.,
the monitor at Thule, Greenland.
- Practice: List o6LEeventsfrom Gopalswamyet al. (2012)Properties of Ground Level
Enhancement Events and the Associated Solar Eruptions During Solar Gycle 23
adsabs.harvard.edu/abs/2012SSRv..171...23G (Table 1: SC23 events)

NOTE: The &anuary2014eventis currently not consideredas agenuineGLEdespiteits 2.5%
increaseits increasein >700 MeV protons, and thfact that other eventsof similarintensity (suchas
e.g 17January2005)barelyreached3%. So GLEThbm 17 May 2014s currentlythe last GLE and the
onlyone of SC245eethe papersby Thakur(http://adsabs.harvard.edu/abs/2014ApJ...790L..13&nd
Gopalswamyhttp://adsabs.harvard.edu/abs/2013ApJ...765L..30G ).

BetweenJanuaryl976 andDecember2016,there have been 6333 Mlasdlaresand 491 Xlass
flares

Only265 protonflareswere recorded and ofthosethere were only 45 GLEs
Sincemeasurementsstartedin 1942,only 71 GLE$ave beerrecorded the strongestin 1956.
Seelistat http://neutronm.bartol.udel.edu/~pyle/GLE_List.txt and at http://natural
sciences.nwu.ac.za/neutremonitor-data

Thereare somegoodpresentationson GLE andssociatedadiationriskfrom
- the STCE Workshop at https://events.oma.be/indico/event/10/
- Bartolshttp://neutronm.bartol.udel.edu/



Effects from proton storms

* Ground Level
Enhancements

— Various systems
* Computer glitches,...

* Pacemaker and other
medical devices,...

— Effects

* Nothing lethal

* Errors increase with
altitude

* SC effect noted

— More errors during SC
min than SC max

Pacemaker andther medicaldevices http://www.solarstorms.org/SPacemakers.html

- Bradley et al. (19988ingle Event Upsets in Implantable Cardioverter Defibrillators
http://www.uow.edu.au/~pbradley/publications/SEUinICD.pdf

Alsoat http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/29/003/29003514.pdf

- Karniket al. (2004)Characterization of Soft Errors Caused by Single Event Upsets in CMOS Processes
http://citeseerx.ist.psu.edu/viewdoc/download;jsessionid=07787359188B0540516F73B353082A93?d0i=10.1.1.22
5.6237&rep=repl&type=pdf

- Santarini{2005):Cosmic radiation comes to ASIC and SOC design
http://www.edn.com/design/integratedcircuit-design/4324957/Cosmiadiation-comesto-ASIGand-SO&lesign

- DiCello(1989):An estimate of error rates in integrated circuits at aircraft altitudes and at sea level
http://adsabs.harvard.edu/abs/1989NIMPB..40.1295D

- NewScientist(2008):Should every computer chip have a cosmic ray detector?
https://www.newscientist.com/blog/technology/2008/03/deve-need-cosmicray-alertsfor.html

- Normand (2013)Single Event Upset at Ground Level
https://web.archive.org/web/20131021190327/http://pdf.yuri.se/files/art/2.pdf

- Kobayashi (2001Evaluation of LS| Soft Errors Induced by Terrestrial Cosmic rays and Alpha Particles
http://www.rcnp.osakau.ac.jp/~annurep/2001/genkou/sec3/kobayashi.pdf

- Wiki: https://en.wikipedia.org/wiki/Soft_error#cite_noteosmicRayAle#

- AutranandMunteanu(2015) : Soferrors. from particlesto circuits
http://s1.nonlinear.ir/epublish/book/SOFT_ERRORS_FROM_PARTICALES_TO_CIRCUITS_9781466590847.pdf 5
(Table 1.4)

*** Stock marketcrash on 16 August 1989?77
https://www.newscientist.com/article/mg12316812.46blarstormshalt-stockmarketascomputerscrash
http://www.edn.com/electronicsblogs/edrmoments/4394205/Solaflare-impactsmicrochips-August16--1989
https://en.wikipedia.org/wiki/Solar_cycle_22#August_1989 geomagnetic_storm
http://www.solarstorms.org/SWChapter6.html

Coincidedwith a GLE.
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Effects from proton storms

* Radiation dose

— Astronauts
* Burning eyes, light flashes
* Protection
— No EVA
— Sheltering inside ISS
* Qutside earth environment
— No protection
» GCR
— A/C crew & passengers
* Transpolar flights
— Pregnant women
* Protection
— Lower altitudes
— Rerouting via lower lat.
» Cost airlines up

Links

Radiation dose: http://www.radiologyinfo.org/en/info.cfm?pg=safetsay (normal yearly backgroundndSy
chest xray: 0.1mSy

ESA career limit: http://adsabs.harvard.edu/abs/2014JSWSC...4A..20J

Flight Safety: https://flightsafety.org/asarticle/flare-ups/

ESA SSA: http://swe.ssa.esa.int/nso_air

NASA: https://srag.jsc.nasa.gov/Publications/TM104782/techmemo.htm

EPCARD: http://www.helmhokmuenchen.de/en/epcargortal/information/determiningradiation-exposureof-
airline-staff/index.html

Space Weather indedor radiation at aviation altitudes: http://adsabs.harvard.edu/abs/2014JSWSC...4A..13M
Pregnancyoetus. http://publicsafety.tufts.edu/ehs/radiatiorsafety/moreinformation/pregnancyand-radiation/
(5mSv over entire pregnancy, Grisvmonth)

From https://www.translatorscafe.com/unitonverter/en/radiationabsorbeddose/1825/milligray-millisievert/
Radiation. Absorbed Dose

The absorbed dose characterized the amount of damage done to the matter (especially living tissues) by ionizing
radiation. The absorbed dose is malesely related to the amount of energy deposited.

The Sl unit of absorbed dose is tiray (Gy), which is equal to J/kg. 1 gray represents the amount of radiation
required to deposit 1 joule of energy in 1 kilogram of any kind of matter sighert (SV) is the International

System of Units (SI) derived unit of equivalent radiation dose, effective dose, and committed doseverts

the amount of radiation necessary to produce the same effect on living tissue as one gray-péhéghation x

rays. Quantities that are measureddievertsare designed to represent the biological effects of ionizing radiation.

1 mSv= 1mGy= 100mRem= 100mRad
https://www.translatorscafe.com/unitconverter/en/radiationabsorbeddose/1825/milligraymillisievert/

¢ K S MBogrgexcellent discussion of the togithttps://hps.org/publicinformation/ate/q10540.html
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Effects from proton storms

* Radiation dose

10000

1000 ESA career limit astronauts
Roundtrip to Mars {(GCR)
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1 mSv= 1mGy= 100mRem= 100mRad
https://www.translatorscafe.com/unitconverter/en/radiationabsorbeddose/1825/milligray-millisievert/
Alsoat https://hps.org/publicinformation/ate/q10540.html

Solar events

- Butikoferet al. (2011): http://adsabs.harvard.edu/abs/2011ASTRA...7..105B

29 Sep 1989: Buenos Aires Auckland: i2fcroSy ChicageBeijing: 156nicroSw- 20 Jan 2005: Buenos Aires Auckland: 474
microSy ChicageBeijing: 255microSv

Proton event: 4500pfu

- Dachewet al. (2016): http://adsabs.harvard.edu/abs/2016LSSR....9...84D

30 Sep 1989: MIR inside: 1.7&y(largest dose rate on MIR); 7 Mar 2012: ISS insidem@y¥(???) ; 22 Jun 2015: ISS outside:

2.84mGy

Average dose inside ISS per day (SAA, CRyG2

Proton event: 4500pfu 6530pfu- 1070pfu

- Guoet al. (2015): http://adsabs.harvard.edu/abs/2015ApJ...810...24G

Round trip to Mars (195 days, of which 2 days on Mars surface) during SC maximum and from GCR alo@0208v+/
- Matthia et al. (2015): http://adsabs.harvard.edu/abs/2015JSWSC...5A..17TM

13 Dec 2006: Seattleologne- GCR: 8@nicroSv;, GCR+GLE: lficroSvat FL410 (12.5km), G6RicroSvat FL280 (8.5km). The
reduction of 44% in dose is associated with a 5% increase in fuel consumption and a 5% (0.5h) in flight duration.
Proton event: 698pfu

- Mishevet al. (2015): http://adsabs.harvard.edu/abs/2015AdSpR..55..354M

Dose *rates* for the events of 20 Jan 2005, 13 Dec 2006 and 17 May 2012

Limits

4500mSv¢ Deadly dose (50% dies)

1000mSv¢ ESAastronautcareerlimit

500mSvg NASAyearlylimit for astronauts

50mSyvq Yearlylimit for workersat nuclearpower plant
1-3 mSv¢ Normalyearlynatural background radiation
0.5mSvq Maximummonthly dose forpregnantwomen
0.2mSv¢ Averagedaily dose ISSiom SAA+GCR)
0.1mSvg Chestxray
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Effects from proton storms

* Radiation dose
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Matthié et al. (2009): http://adsabs.harvard.edu/abs/2009JGRA..114.8104M

20 Jan 2005X7.1- 1860pfu("hardest" proton event of SC23, comparable to October 1989 evdrite routes

chosen are from Frankfurt to Los Angeles (ERX) as an example for a nosattanticflight and from New York to

Peking (JFKPEK) as a polar flight and both flights were set to start at 0600 UTC. The calculated total effective dose
for the flight FRALAX (JFREK) is 167 microSW189.4microSy compared to 71.MicroSy80.0microSy for

galactic cosmic rays only. Values are for FL360 (11km altitude).

Astronautdor sameevent https://www.nasa.gov/mission_pages/stereo/news/stereo_astronauts.html

"The crew probably absorbed no more than 1 rem," said Fr&wisnotta NASA's radiation health officer at the
Johnson Space Center.

Carlowiczt al. (Storms from the Sun):

pp. 141: 315 August 1972: roundtrip to Moon + landing; astronauts inside module: 358 rem : Proton event:
100000pfu?

pp. 143144: limits

pp. 145: October 1989: MIR: 7 rem ; Space Shuttle astronauts reported burning eyes + flashes even with eyes
closed ; proton event : 400Qffu ("hard" event)

pp. 149: October 1989: Concorde: 1 chesay (0.1mSy.

Dache\et al. (1992): http://adsabs.harvard.edu/abs/1992AdSpR..12..321D
29 Sep 1989X9- 4500pfu - MIR: During the SPE on the 29 of September the additional dose wasrad0

Mertens et al. (2010): http://adsabs.harvard.edu/abs/2010SpWea...8.3006M

29-30 October 2003: 11km altitude; New York (Jtndon Heathrow (LHR): 0.08¥6y Chicago (ORBJPeking
(PEK): 0.12&hSv- Chicago (ORBBtockholm (ARN): 0.088Sv

Proton event: 2950pfu

The spread in theventvaluesdependson thehardnesof the solarevent, the altitude, forastronauts
insidég outside(amountof protection), the modelhethodology parameterausedfor the calculatiork X
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Space Weather effects (SWx effects)

* Introduction
* SWx effects from

— Solar flares

— Proton events
— ICMEs

— Coronal holes

* Historical solar storms
* SC24 solar storms
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Effects from ICMEs

Solar Coron

10°

STEREO-A:12/11,/08 12:43:00 AM

© NASA/Goddard Space Flight Center/SwRI/STEREO/WIND

Fromthe Sun to theEarth
https://www.nasa.gov/mission_pages/stereo/news/solarstotnacking.html
https://svs.gsfc.nasa.gov/10809
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Effects from ICMEs

Fromthe Sun to theEarth
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Effects from ICMEs

* Solar wind features

x>)i/mg netic

Cloud

Shock CME

Plasma

Zurbucheret al. (2006)in-Situ Solar Wind and Magnetic Field Signatures of Interplanetary Coronal

Mass Ejections
http://adsabs.harvard.edu/abs/2006SSRv..123...31Z

Thesolarwind exampleis discusseat http://www.stce.be/news/150/welcome.html
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http://www.swpc.noaa.gov/sites/default/files/images/u2/Theidex.pdf

The Aindex was invented because there was a need to derive some kind of daily average level for
geomagnetic activity. Because of the rlimear relationship of the {scale to magnetometer
fluctuations, it is not meaningful to take averages of a set of K indices.

http://lwww.stce.be/news/243/welcome.html

http://www.stce.be/news/301/welcome.html

Canderet al. (1998)Forecasting ionospheric structure during the great geomagnetic storms
http://adsabs.harvard.edu/abs/1998JGR...103..391C
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Geomagnetic indices

Eatimated Planetary X tndex (3 hour data)
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Local K index at Dourbes (50.1°N, 4.6°E)
(ground-based measurements)
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@

http://www.swpc.noaa.gov/sites/default/files/images/u2/Theidex.pdf

The Aindex was invented because there was a need to derive some kind of daily average level for

geomagnetic activity. Because of the rlimear relationship of the {scale to magnetometer

fluctuations, it is not meaningful to take averages of a set of K indices.
http://lwww.stce.be/news/243/welcome.html

http://www.stce.be/news/301/welcome.html

Canderet al. (1998)Forecasting ionospheric structure during the great geomagnetic storms

http://adsabs.harvard.edu/abs/1998JGR...103..391C
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Scale | Description | Effect Physical Average Frequency
measure | (1 cycle = 11 years)

Extreme Power voltage control and protective system problems can occur, some grid | Kp =9 4 per cycle
systems may experience complete collapse or blackouts. Transformers may experience damage. (4 days per cyde)

May e extensive surface charging, problems with orientation,
and tracking
Other systems: Pipeline currents can reach hundreds of amps, HF (high frequency) radio propagation may
be impossible in many areas for one to two days, satellite navigation may be degraded for days,
low-frequency radio navigation can be out for hours, and aurora has been seen as low as Florida and
southern Texas (typically 40° geomagnetic lat.).

Severe Power systems: Possible widespread voltage control problems and some protective systems will mistakenly | Kp =8, 100 per cycle
trip out key assets from the gnid. including a | (60 days per cycle)
Spacecraft operations: May experience surface charging and tracking problems, corrections may be needed | 9-
for orientation problems.

Other systems: Induced pipeline currents affect HF radio sporadic,
satellite navigation for hours, | quency radio disrupted, and aurora has been
seen as low as Alabama and northern California (typically 45° geomagnetic lat.).

Strong Power systems: Voltage corrections may be required, false alarms triggered on some protection devices. Kp=7 200 per cycle
Spacecraft operations: Surface charging may occur on satellite components, drag may increase on (130 days per cycle)
low-Earth-orbit satellites, and corrections may be needed for orientation problems.

Other satellite and low-frequency radio navigation problems may occur, HF
radio may be intermittent, and aurora has been seen as low as Illinois and Oregon (typically 50°
geomagnetic lat.).
G2 Moderate Power systems: High-latitude power systems may experience voltage alarms, long-duration storms may Kp =6 600 per cycle
cause transformer damage. (360 days per cycle)
Spacecraft operations: Corrective actions to orientation may be required by ground control; possible
changes in drag affect orbit predictions.
Other systems: HF radio propagation can fade at higher latitudes, and aurora has been seen as low as
New York and Idaho (typically 55° geomagnetic lat.).
G1 Minor Power systems: Weak power grid fluctuations can occur. Kp=5 1700 per cyde
Spacecraft operations: Minor impact on satellite operations possible. (900 days per cycle)
Other systems: Migratory animals are affected at this and higher levels; aurora is commonly visible at high
latitudes (northern Michigan and Maine).
v —

More info at
SWPC: http://www.swpc.noaa.gov/noagzalesexplanation
http://www.swpc.noaa.gov/phenomena/geomagnettorms
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Effects from ICMEs
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Effects from ICMEs

Solar Minimum Storms

G1(733) G2 ( 234) 3 (89) G4 (25) G5(1)
Slow  glow
CME
\eStream
Stream Slow
Stream Stream

Solar Maximum Storms

G1 (868) G2 (390) G3 (156) G4 (75) G5 (11)
CME
Slow CME
atre
Stream
Stream Slow

Richardson et al. (20123olar wind drivers of geomagnetic storms during more than four solar cycles
http://adsabs.harvard.edu/abs/2012JSWSC...2A..01R

Generally, the number of CM&Ssociated storms (black curves in Fig. 1) follows solar activity levels, as
would be expected since the ICME rate at 1 AU (Richardson & Cane 2010) and the CME rate at the Sun
(Robbrecht et al. 2009; Webb & Howard 1994; Yashiro et al. 2004) increase from solar minimum to
solar maximum. Furthermore, Figure 1 indicates that the maximum rate of storms driven by CME
associated flows approximately follows the size of the sunspot cycle, i.e. storm rates are higher in

cycles 21 and 22 than in cycles 20 and 23.

Streaml 342 OA GSR ad2N¥a X | NX4yéasldiriqytHe teklinivgblase ol INE Y A Y
the Cycle The solar minimum intervals are (arbitrarily) bounded by the years in which the smoothed
sunspot number fell below or rose above 40 (cf. Fig. 1), i.e., 1962 (though the analysis commenced in
19641966, 19781977, 19841987, 19981997, and 20042010. Thus, these results again show the
different contribution of streams and CMidSsociated flows at solar minimum and maximum, though
CMEassociated flows tend to be responsible for the most severe storms throughout the solar cycle.

This conclusion is consistent with other studies, such as that of Zhang et al. (2007) which found that
only ~13% of intensddst<-100nT) geomagnetic storms in 198005 were driven by streams, while

the remainder involved CM&ssociated flows (ICMEs and/or upstream sheaths) (sedcalseret al.

2008).
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Magnetic Field

Effects from ICMEs

ICME

Satellites

agnetopause
crossings

- Orientationj

Increased drag
Space debris
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Effects from ICMEs

* Satellites

— Magnetopause crossings

* CME pushes
magnetopause inside GEO

» Satellites directly exposed
to solar wind

— Orientation problem

GOES Magnetometer (1 minute data)  megin: 2001 Apr 10 0000 UTC

T {RE)

NanoTesla (nT)

SWIC 2lupdated 2001 A 12 2358004 uTe NOAA/SBE Bouldar, €0 vsAIChIT

>
From NOAAHalloween Spac@/eatherStormsof 2003
http://www.nuevatribuna.es/media/nuevatribuna/files/2016/10/28/2004 _
noaa_halloweenstorms2003_assessment.pdf
9 NIKQa YI3IySiz2L) dzaS Aa GKS o02dzyRFNE GKIFG &aSLI NFGSa Gf
9 NI KQa YIFIySiAO FAStR® hy GKS tAyS 06Si6SSy 9FNIK FyR
9FNIGK NIRAA FTNRBY 9 NIKQa OSyidaSN®W hy GKS R24yaiGNBIY anal

boundary of the elongated geomagnetic tail that extends for hundreds of Earth radii. When the solar wind

dynamic pressure is very large and the interplanetary field is directed southward, conditions are ripe for moving

the upstream, dayside magnetopause, from its typical location to a location closer to Earth and sometimes within
geosynchronous orbit (6.6 Earth radii). At these times, when geosynchronous spacecraft on the dayside become
20 0SSR 2dziaARS 2F 9 NIKQ&a YI3IySGAO FAStR:E (KSeé SyOd2dz
opposite to what is normally expected. These conditions can have undesirable effects on spacecraft that use

torquer currents as part of their attitude control and momentum management. Under these conditions,

spacecraft operators will sometimes turn off the spaced@fjuer currents to avoidorquingagainst the

abnormal magnetic fields. Furthermore, the plasma environment surrounding the spacecraft is altered since the

plasma density is often greater when the spacecraft crosses the magnetopause.

Animationfrom ESA/Cluster: http://sci.esa.int/cluster/3644Hrect-observationof-3d-magneticreconnection/

Top panel: Tomponentofthe IMFE0 = RA &L @ SR Ay 0f dz8 ), displayed it étdhgeRe y I YA O
measured by the ACE spacecraft in the solar wind dum@& 200@see text for details). Bottom panel:

magnetopause position (blue line) and bow shock position (bright red line) estimated from the solar wind data as
displayed in the top panel. Pink area between these two borders depicts#gmetosheathwhile the purple
areasymboliseshe magnetosphere. The dashgceen circle, located at 6.6;,Rlepicts where many

communication and weather satellites orbit the Earth.(Acknowledgments: Belfine¢ Lockheed Martin)
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Effects from ICMEs

Satellite Tracking Problems

. Sat8| Iites After March 13-14, 1989 Storm
T 200
— Atmospheric drag | -
* LEO ’ o Swing (Ap Index)

Magnetic
1 Storminess

* Sources 1000 gl
— Shortterm: ICME

— Longterm: Solar EUV
radiation (solar cycle)

* Slows down satellite
— Burns up in atmosphere
* Examples
— March 1989
» 1000 satellites off-track
— Premature mission end
» SMM, Skylab
* Space debris

— Cleaned up by high solar
activity CE, Kon

International Space Station As Flown Altitude Profile
(Based on MCC-MUSSP Tracked SV Data

Imvariont AR )

155 lost-15 kin during Bestille Day-event

Top Imagdrom UCAR
ISS charﬁrorp ChadHammonsat httpA://ccar.colo[ado.edu/asen5050/projegts/proieqts_ZOOl/hammons/ A
Lioa Srae G2 oASs (GKS 3INI LKA yR as88S (KIFIG GKS L{{ fz2ai

Drag: Bean: http://ccar.colorado.edu/asen5050/projects/projects_2007/bean/

Ladzl £ & FtdzOldzZt GA2ya Ay GKS 9FNIKQa YI3IySiad FASER 2y
atmospheric density under extreme conditions such as geomagnetic storms are important because it causes large
2NDAGEE LISNIdzNDBI GA2yaod DS2YIF3IySGAO &02N¥a | NB YI 22N |
energy input from the solar wind. Large perturbations in the solar wind velocity are supplied by sources such as

coronal holes and solar flares.

[3] During a coronal mass ejection (CME), the sun spews out large amounts of solar mass consisting of charged

particles including solar protons at speeds exceeding 700 km/s. A coronal mass ejection directed at the earth

takes about 34 days to make the journey to the earth. When the charged particles reach the earth, the charged

LI NGAOE Sa AYGiSNIOG sAGK GKS SIENIKQ&a YI3IySi28LKSNB® ¢ |
field lines around the earth influence the charged particles. The interaction of the magnetic field with the solar

GAYR RSTF2N)Xa&a (KS SINIKQa YI3IySiad FTASEtRO® ¢tKS STFFSOG
on the dayside and stretching of field lines on the nigidte to form a comelike tail known as thenagnetotail

Some of the charged particles are trapped in the magnetic field lines and eventually enter the magnetosphere. In

the magnetotail particles can move along the magnetic field lines and precipitate into the atmosphere at the
SINIKQa LRftSao

[4] Atmospheric density is strongly influenced by atmospheric heating from solar extreme ultraviolet (EUV)

radiation and Joule heating associated with enhancements in local ionospheric and geomagnetic field currents.

Solar EUV radiation makes the strongest contribution to upper atmospheric heating. Thus, satellite drag variations

are mainly driven by solar influences
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Effects from ICMEs

Satellite Tracking Problems

. Sat8| Iites After March 13-14, 1989 Storm
T 200
— Atmospheric drag | Magnetic
« LEO hes | d (AP Index)

* Sources 1000 gl
— Shortterm: ICME ]

— Longterm: Solar EUV
radiation (solar cycle)

* Slows down satellite
— Burns up in atmosphere
* Examples
— March 1989
» 1000 satellites off-track
— Premature mission end
» SMM, Skylab
* Space debris

— Cleaned up by hlgh solar
activity' o ‘

Day March 1989

International Space Station As Flown Altitude Profile
(Based on MCC-MUSSP Tracked SV Data

N \0

1SS Jost 15 kim dumrg Bastille Day event

More info onspacedebrisat SWPC: http://www.swpc.noaa.gov/impacts/satelideag

It is extremely important to keep track of spacecraft and objects flying in the space to avoid collisions with space prbikand

debris that may be in their path. Collision avoidance has become of increasing concern due to the recent accidental

hypervelocity collision of two intact spacecraft in February, 2009. The collision occurred at an altitude of 790 kmpleesing

of debris that have been gradually separated into different orbital planes around the Earth, threatening other satelties for

next few decades. Since 1957, more than 25,000 artificial space debris have been cataloged (Figure 3), many of which have

naturally decayed into the lower atmosphere. Currently, the U.S. Space Surveillance Network (SSN) tracks over 20,000 man

YIRS 2062S50iGa tFNBSNI GKFy mn OY Ay &A1 S3s 6KAOK FNB 1yz2eéy & 0f
O LILINREAYIFGSt& pnnZnnndf NBFSNNBR (2 +Fa GKS af SOKIf éd LI2 Lidz | ()
and can cause catastrophic damage when colliding with a satellite. Objects smaller than 1 cm (approximately 135 million

measuring from 1mm to 1cm, and many more smaller than 1 mm) that could disable a satellite upon impact are termed the

AGNR&TE LIRLMA LI GAZY woBd

Skylab Wiki: https://en.wikipedia.org/wiki/Skylab#After_departure

British mathematician Desmond Kitgle of the Royal Aircraft Establishment predicted in 1973 that Skylab wowddbiteand

crash to earth in 1979, sooner than NASA's forecast, because of increased solarl&étiGtgaterthan-expected solar

activityl'%! heated the outer layers of Earth's atmosphere and increased drag on Skylab. By late 1977, NORAD also forecast a
reentry in mid1979{161 a National Oceanic and Atmospheric Administration (NOAA) scientist criticized NASA for using an
inaccurate model for the second meisttense sunspot cycle in a century, and for ignoring NOAA predictions published

in 1976.Reentry on 11 July 1979.

Also from SWPC: http://legasyww.swpc.noaa.gov/info/Satellites.html

Spacecraft in LEO experience periods of increased drag that causes them to slow, lose altitude and finally reenter the
atmosphere. Shorterm drag effects are generally felt by spacecraft <1,000 km altitude. Drag increase is well correlated with
solar Ultraviolet (UV) output and additional atmospheric heating that occurs during geomagnetic storms. Solar UV flix varies
concert with the 11year solar cycle and to a lesser degree with theldy solar rotation period. Geomagnetic storms are

sporadic, but most major storms occur during solar maximum years.

Most drag models use radio flux at 10.7 cm wavelength as a proxy for solar UV flux. (Before long, the GOES spaceeeaft will ha
continuous UV monitoringpis the index commonly used as a surrogate for stemn atmospheric heating due to

geomagnetic storms. In general, 10.7 cm flux >250 solar flux unit&geb result in detectably increased drag on LEO

spacecraft. Very high UV/10.7 cm flux afylvalues can result in extreme shderm increases in drag. During the great
geomagnetic storm of 234 March 1989, tracking of thousands of space objects was lost and it took North American Defense
Command (NORAD) many days to reacquire them in their new, lower, faster orbits. One LEO satellite lost over 30 kilometers of
altitude, and hence significant lifetime, during this storm.
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Fennell et al. (20018pacecraft Charging: Observations and Relationship to Satellite Anomalies
http://adsabs.harvard.edu/abs/2001ESASP.476..279F

2. Satellite Surface Charging

In the early 1970's, it became clear that many of the anomalies on geosynchronous satellites occurred in the near
midnight to dawn region of the magnetosphere’, as shown in Figure 1. This was reminiscent of the path that the
hot substorminjected electrons from thenagnetotailtake as they drift around the magnetosphere. Thus, it was
thought that the anomalies might mubstormrelated and could be caused by satellite charging.

As we know, 10's dfeVelectrons do not penetrate the satellite surface materials but reside near the surface. The
incident plasma and the solar UV also interact with materials to generate secondary electrons. The satellite's
surface materials will take on a charge such that the net current between the surfaces and the plasma is zero
under quiescent conditions. The result is that the surface voltages would not be zero. The sunlit areas are usually
af A3KGte LIRAAGAGS IyR (GKS &KIFR2gSR FANGGHAMN SNicauvasdzl f f
a conductor, the potential of the surface would be uniform and either positive or negative relative to the plasma.

More info at

DrHolbert http://holbert.faculty.asu.edu/eee560/spchrg.html pottom image)

Valtonen(2004): http://www.srl.utu.fi/.../Effects_on_TedBpW_Effects_SpaceTech.pagleft image)
Gubbyet al. (2002)Space environment effects and satellite design
http://adsabs.harvard.edu/abs/2002JASTP..64.1723G

Also from SWPC: http://legagyww.swpc.noaa.gov/info/Satellites.html

Surface Charging

Surface charging to a high voltage does not usually cause immediate problems for a spacecraft. However,
electrical discharges resulting from differential charging can damage surface material and create electromagnetic
interference that can result in damage to electronic devices. Variations in low energy plasma parameters around
the spacecraft, along with the photoelectric effect from sunlight, cause most surface charging. Due to the low
energy of the plasma, this type of charging does not penetrate directly into interior components. Surface charging
can be largely mitigated through proper materials selection and grounding techniques.

Surface charging occurs predominantly during geomagnetic storms. It is usually more severe in the spacecraft
local times of midnight to dawn but can occur at any time. Night to day, and day to night transitions are especially
problematic during storms since the photoelectric effect is abruptly present or absent, which can trip discharges.
Additionally, thruster firings can change the local plasma environment and trigger discharges.

e
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The common measure for geomagnetic storms, and hence the occurrence of surface charging, is the K index. This
index is a 3 hourly measure ranging fror (QO=quiet, 9=severely disturbed.). It is derived from grebaded
magnetometer data and is used as a surrogate for actual plasma measurements at satellite altitudes. In general,

surface charging effects begin at the K=4 to K=5 level. Charging is probable at K>=6 (see Today's Space Weather).

Geomagnetisubstormsan be somewhat localized in space so the use of the planetary K Kgardy mask
the severity of effect upon a specific spacecraft.

Alsoat STCE news iterichysatellites: http://www.stce.be/news/207/welcome.html

Denig et al. (2010Bpace Weather Conditions at the Time of the Galaxy 15 Spacecraft Anomaly
https://www.ngdc.noaa.gov/stp/satellite/anomaly/2010_sctc/docs2l WDenig.pdf

Internalcharging Valtonen(2004): http://www.srl.utu.fi/.../Effects_on_TedSpW_Effects_SpaceTech.ppt

Anotherexampleof internalchargingoy CMHEsthe Telstar401 (11Januaryl997):
Odenwald: http://www.solarstorms.org/SWChapter2.html
http://sdoisgo.blogspot.be/2016/06/telstat01-ghostof-spaceweather-past.html

Alessclearexample(basedmore oncircumstantiakvidencg wasthe failure of the GalaxylV satellite, morghan
aweekafter the passage aseveralktrongCMEshat evencreatedathird radiationbelt. The official report
mentionedonlytechnicalcauses, ndink to the geomagnetistorms

NASA: https://pwg.gsfc.nasa.gov/istp/outreach/events/98/

SPACECASiTp://fp7 -spacecast.eu/help/bg_sa.pdf

Alsoat SWS: http://www.sws.bom.gov.au/Educational/1/3/3atellite Communications and Space Weather
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Bottom Picturetakenfrom

Ajith et al. (2015)Explicit characteristics of evolutionatype plasma bubbles observed from Equatorial
Atmosphere Radar during the low to moderate solar activity years-201Q@
http://adsabs.harvard.edu/abs/2015JGRA..120.1371A

The equatorial plasma bubbles (EPBs)/equatorial spread F (ESF) irregularities are an important topic of space
weather interest because of their impact trans-ionospheriaadio communications, satellitbased navigation

and augmentation systems. This local plasiealeted structures develop at the bottom side F layer through
RayleighkTaylor instability and rapidly grow to topside ionosphere via polarization electric fields within them.

The EPBs are essentially a nighttime phenomena when the E region conductivity becomes negligible that liberates

the polarization electric fields in F region to grow nonlinearly. The steep vertical gradients due to quick loss of
bottom sideionization and rapid uplift of equatorial F layer pie-reversalenhancement (PRE) of zonal electric
field makes thegost-sunsethours as the most preferred local time for the formation of EPBs [Kelley, E8§S;

et al., 1999TulasiRametal., 2006]. Once developed, these EPBs generally drift eastward with velocities ranging
from 50 to 200 m/s [Aarons et al., 1980; Bhattacharyya et al., 2001; Rama Rao et al., 2005]. The seasonal and
longitudinal variability of EPBs are influenced by the alignment between sunset terminator and magnetic
meridian.

The top figurevastakenfrom

Bergeotet al. (2010)Impact of the Halloween 2003 ionospheric storm on kinematic GPS positioning in Europe
http://rd.springer.com/article/10.1007%2Fs102910-01819

Borrieset al. (2015)lonospheric storms A challenge for empirical forecast of the total electron content
http://adsabs.harvard.edu/abs/2015JGRA..120.3175B

lonospheric storms have been reported since more than 80 years (cf. refererfegdsg2008]). In the last
decades, the number of studies of ionospheric parameters during storm conditions increased significantly due to
higher interest of industry and higher availability of measurements.

There exist positive storm effects (electron density enhancements compared to quiet conditions) and negative
effects (electron density depletion compared to quiet conditions), often following up each otherBargnetal.,
2001;CanderandMihajlovig 2005;Daniloy 2013;FullerRowell et al. 1994, 1996Jakowskand Schliiter 1999].

The storm properties seem to depend not only on storm time but also on location (geomagnetic local time and
latitude) and season [e.dmmeland Mannucgi2013;Titheridgeand Buonsanto 1989.

TEC: Total Electron Content

ROT: Rate of TEC change
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